The NLRP1 inflammasome attenuates inflammatory bowel disease (IBD) progression and colitis-associated tumorigenesis. A possible mechanism postulates that the lack of the NLRP1 inflammasome creates permissive niches in the gut for pathogenic bacteria to flourish, causing dysbiosis and increased IBD susceptibility. To evaluate this hypothesis, we characterized the gut microbiome of wild-type, Nlrp1b-/-, and Asc-/-mice under naïve conditions by sequencing the V3 region of the 16s rRNA gene. For both genetically modified mouse lines, the microbiome composition reflected overrepresentation of bacteria associated with dysbiosis relative to wild-type animals. Measurement of short-and medium-chain fatty acids by mass spectrometry further revealed significant differences between genotypes. However, prior to concluding that the NLRP1 inflammasome plays a role in regulating the composition of the microbiome, we evaluated two additional strategies for cohousing wild-type and Nlrp1b-/-mice: breeding homozygous parents and cohousing at weaning, and breeding from heterozygous parents and cohousing littermates. We found that maternal influence was the greater predictor of microbiome composition rather than genotype. With the rise in microbiome research across disciplines, our study should be viewed as a cautionary example that illustrates the importance of careful breeding and housing strategies when evaluating host-microbiome interactions.
Introduction
Nearly 4 million people worldwide suffer from inflammatory bowel disease (IBD). IBD is characterized by chronic and relapsing inflammation in the gastrointestinal (GI) tract and has two primary clinical manifesta-V.M.R.-S. and Y.Q. contributed equally to this work.
tions, either ulcerative colitis or Crohn's disease. Beyond the direct role of dysregulated inflammation on IBD progression, the loss of immune system homeostasis in the GI tract during IBD is also associated with an increased risk of developing a unique form of colorectal cancer, termed colitis-associated cancer, in patient populations [1] . Although the direct cause of IBD remains unclear, it has increasingly become evident that the microbiome plays a role in the development, progression, and/or risk of disease. Indeed, several studies have noted that patients with IBD possess dysbiotic microbiomes relative to healthy controls [2] [3] [4] [5] [6] [7] . During Crohn's disease and ulcerative colitis, the protective epithelium of the GI tract becomes damaged and uncontrolled host microbiome translocation from the lumen drives inflammation. Thus, the composition of the host microbiome can dramatically influence the resultant immune response and disease progression.
Nucleotide-binding domain and leucine-rich repeatcontaining (NLR) proteins are a group of intracellular pattern recognition receptors (PRRs) responsible for sensing a variety of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). In the GI tract, NLR family members are essential mediators of inflammation during IBD and maintain immune system homeostasis [8] . There are 22 distinct NLR and NLR-like proteins identified in humans and several murine paralogs, many of which have yet to be fully characterized. One subgroup of NLRs has been found to form multiprotein complexes, defined as inflammasomes, which function to activate IL-1β and IL-18. Inflammasome formation is also associated with a unique form of inflammatory cell death, termed pyroptosis. Upon stimulation with a specific PAMP or DAMP, a given NLR senses a specific pattern and oligomerizes, activating apoptotic speck protein containing a CARD (Pycard; ASC), which results in the cleavage and activation of pro-caspase-1 to its mature form. Activated caspase-1 cleaves pro-IL-1β and pro-IL-18 into their respective active cytokines that are subsequently released from the cell.
Several NLR family members possess structural motifs that allow them to function as intracellular sensors and participate in inflammasome formation. In the context of IBD, NLRP1, NLRP3, NLRC4, and NLRP6 are well-characterized inflammasome-forming NLRs that significantly modulate the progression of experimental colitis and/or colitis-associated tumorigenesis in mouse models [9] [10] [11] [12] [13] [14] . Likewise, the inflammasome adaptor protein ASC and the relevant caspases, caspase-1 and caspase-11, also modulate inflammation in the gut during IBD and cancer [9-11, 15, 16] . In general, the majority of studies evaluating NLR inflammasomes have found that loss of any specific NLR or inflammasome component results in increased GI inflammation, epithelial cell barrier disruption, and inflammation-driven tumorigenesis. Inflammasome formation has been suggested to maintain immune system homeostasis in the gut and attenuate IBD progression through a variety of mechanisms, including promoting epithelial cell regeneration and repair, facilitating T-cell differentiation, and controlling cell death [8, 17] . This evidence has strongly suggested that a function of NLR family members in the gut is likely associated with their recognition of pathogenic and commensal members of the host microbiome and their modulation of a balanced host immune response following loss of epithelial cell barrier integrity [18, 19] .
Our research team previously demonstrated that NLRP1 attenuates IBD and colitis-associated tumorigenesis progression [9] . Notably, we also saw evidence of increased expression of NLRP1 in human subjects with active ulcerative colitis relative to healthy controls [9] . Beyond IBD, polymorphisms in the NLRP1 gene have been associated with several autoimmune disorders, including vitiligo, celiac disease, rheumatoid arthritis, systemic lupus erythematosus, and type I diabetes [8] . It is clear that NLRP1 plays an important role in modulating inflammatory diseases, but the direct mechanism/s has not yet been defined. Using Nlrp1b -/-and Asc -/-mice in the dextran sulfate sodium (DSS) model, we found that animals lacking components of the NLRP1 inflammasome demonstrated significantly increased morbidity, colon inflammation, and tumorigenesis compared to wild-type littermate control animals. These observations were correlated with reduced levels of IL-1β and IL-18 [9] . Of specific relevance to the current work, antibiotic administration and cohousing studies between Nlrp1b -/-, Asc -/-, and wild-type animals suggested that sensitivity to DSS was strongly associated with each animal's microbiome [9] . However, beyond these broad antibiotic and cohousing observations, the compositions of the microbiome in these animals have not been characterized. It was our belief that NLRP1 might be responsible for sensing a specific bacteria or bacterial component that is associated with the microbiome, and that by identifying the baseline bacterial constituents we might be able to conclude that the NLRP1 inflammasome attenuates IBD and colitis-associated tumorigenesis by limiting the growth of this, yet to be identified, bacteria or PAMP.
Our initial hypothesis predicted that the loss of any individual NLR inflammasome would establish permis-DOI: 10.1159/000495850 sive niches in the gut and lead to significant dysbiosis in the host microbiome that drives dysregulated inflammation in the GI tract. Here, we evaluate this hypothesis in animals lacking components of the NLRP1 inflammasome. Our data indicate that the microbiome profiles for singly housed Nlrp1b -/-, Asc -/-, and wild-type mice are distinct prior to any exacerbation via chemically induced colitis and are highly dysbiotic. Microbiome dysbiosis in the Nlrp1b -/-and Asc -/-mice are associated with significant changes in the metabolic profile, including shortchain fatty acid (SCFA) and medium-chain fatty acid (MCFA) metabolism measured via mass spectrometry (GC/MS), thus suggesting a functional link between the dysbiotic host microbiome and susceptibility to IBD in the context of NLRP1 inflammasome-deficient mice.
However, before accepting this conclusion, we further evaluated the impact of different breeding and housing strategies on our findings. These additional studies were based on recent reports associated with NLRP6, which is an inflammasome-forming NLR that is widely accepted as having a direct influence on inflammation in the gut by regulating the intestinal microbial content [12, 15, 18, 20] . Two individual teams concluded that NLRP6 does not influence the microbiome, but instead observed that maternal influence was the greater predictor of gut microbiome content [21, 22] . In both cases, cohousing littermates from heterozygous parents ameliorated any significant differences in microbiome bacteria composition. Armed with this information, we evaluated two different methods of cohousing Nlrp1b -/-and wild-type mice to determine if these findings held true for NLRP1. Similar to the previous findings with NLRP6, our data demonstrate that maternal influence and housing, rather than genetic factors, are responsible for the differences observed in the microbiome composition.
Materials and Methods

Experimental Animals
The characterization and generation of Nlrp1b -/-and Asc -/-mice has previously been described [23, 24] . All experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and following the protocol approved by the Virginia Tech IACUC. Wild-type, Nlrp1b -/-, and Asc -/-mice were housed under standard specific pathogen-free (SPF) conditions in vivarium space at the Virginia Maryland College of Veterinary Medicine. These facilities are American Association for Laboratory Animal Care (AALAC) accredited and the SPF status of our colony is routinely verified using standard best practices. The list of excluded and included agents in our vivarium is described in online supplementary Table S1 (for all online suppl. material, see www.karger. com/doi/10.1159/000495850). The singly housed animals used in these studies were maintained as independent homozygous colonies, while the littermates were derived from heterozygous breeder pairs generated by crossing our independent homozygous mice within our vivarium and housed in the same physical location (room and rack). All experiments were conducted with 6-to 17-week-old mice that were maintained on the C57Bl/6J background.
For cohousing studies, pups born from singly housed wild-type and singly housed Nlrp1b -/-breeder pairs (matched-cohoused) and pups born from heterozygote Nlrp1b +/-breeder pairs (littermate-cohoused) were weaned and cohoused at 1: 1 ratios for 4 weeks prior to assessments. Cohoused wild-type and knockout mice were given autoclaved water with ampicillin (1 mg/mL), streptomycin (5 mg/mL), and vancomycin (0.25 mg/mL) daily for 2 weeks to normalize their respective microbiomes. At 12 weeks of age (matched-cohoused) or 7 weeks of age (littermate-cohoused), the animals were sacrificed and colonic contents were collected. All studies were controlled with gender-and age-matched wildtype animals that were maintained under SPF conditions and received 2018 chow (LabDiet) and water ad libitum.
Fecal Harvest
Tools were washed and autoclaved prior to harvest. Mice were euthanized, and separate sets of tools were designated and used for each genotype for necropsy in a biological safety cabinet. Colonic contents were collected and samples were immediately placed on dry ice. Fecal bacterial DNA was isolated using the QIAamp DNA Stool Mini Kit following the manufacturer's instructions for isolation of DNA from stool for pathogen detection (Qiagen, Germany).
16S rRNA Gene Sequencing and Data Analysis
To amplify the V3 region of the bacterial 16S rRNA gene for sequencing, two rounds of PCR reactions were used. Primers used in the first round PCR have the overhang sequences with Illumina adapters. Forward primer: TCGTCGGCAGCGTCAGATGTG-TATAAGAGACAGCCA GACTCCTACGGGAGGCAG; reverse primer: GTCTCGTGGGCTCGGAGATGTGTATA AGAGA-CAGCGTATTACCGCGGCTGCTG. The PCR conditions were 98 ° C for 3 min; 15 cycles of 98 ° C for 30 s; and 62 ° C for 30 s, 72 ° C for 30 s. The second round of PCR was used to add the index to the amplicons for sequencing. PCR conditions were 95 ° C for 3 min; 8 cycles of 95 ° C for 30 s; and 55 ° C for 30 s, 72 ° C for 30 s. Sequencing was performed on the MiSeq platform in multiplex. Although no single hypervariable region can distinguish every individual bacteria, the V3 region was chosen because previous literature has found that it contains maximum nucleotide heterogeneity and discriminatory power [25] . Analysis of sequencing data was conducted using Mothur [26] . Briefly, Mothur was used to group or assign 16S rRNA sequences into OTUs using 97% similarity. Classifications were determined by comparing sequences to the Greengene database (gg_13_8_99). Classified OTUs were used to determine the relative abundance of bacterial phyla and family in each sample. To adjust for differences in sequencing depth, all samples were normalized to the same number in the following analysis. Principal coordinate analysis was used to assess community similarity among all samples and Bray-Curtis distances between the communities were displayed in a two-dimensional space [27] . Linear discriminant analysis effect size (LEfSe; https://huttenhower.sph.harvard.edu/galaxy/) was used to compare the differential bacterial abundance with default settings [28] . Bacterial DNA sequencing data were uploaded to the NCBI as PRJNA506222. SCFA and MCFA Detection Fecal samples were harvested as described above. Samples were weighed, and sterile molecular-grade water (Sigma-Aldrich) was added to each. Samples were placed on a tilt table for 4 h at room temperature, vortexed once every hour to break up remaining stool pellets, and allowed to settle. For analysis, 900 μL of liquid was removed and 10 μL of 85% phosphoric acid was added to each vial. Volatile fatty acid (VFA) analysis was carried out using an Agilent 6890 gas chromatograph (Agilent, Wilmington, DE, USA) equipped with a split injector, a flame-ionization detector, and Chemstation software for data analysis. VFA separation was performed using a Nukol TM fused silica 15 m × 0.53 mm capillary column with 0.5-μm film thickness. Helium was used as the carrier gas at a flow rate of 15 mL/min with a split ratio of 2: 1. The oven temperature was maintained at 80 ° C for 3 min and then increased to 140 ° C at a rate of 6 ° C per minute and held for 1 min. The injector temperature was 200 ° C and the detector temperature was 250 ° C. VFAs are expressed as mg/L of individual species (C2-C7 fatty acids), and then divided by weight of total feces collected in grams to a final measurement of mg/L/g feces.
Statistical Analysis
Data were analyzed using GraphPad Prism version 6 (GraphPad, San Diego, CA, USA). We utilized the Student two-tailed t test for comparisons between two experimental groups. Multiple comparisons were conducted using one-way and two-way ANOVA where appropriate followed by Mann-Whitney or Tukey post-test for multiple pairwise examinations. Correlation was also computed using GraphPad Prism. Changes were identified as statistically significant with p < 0.05. Mean values were reported together with the standard error of the mean or standard deviation, as appropriate. Statistical analyses for α-diversity and β-diversity were compared by nonparametric Mann-Whitney U tests and nonparametric multidimensional ANOVA. Distance-based redundancy analysis determined the contribution of different variables to microbiota profile variations.
Data Availability
The datasets used and/or analyzed during the current study have been made public on NCBI's GenBank comprehensive database.
Results
Singly Housed Mice Lacking the Pan-Inflammasome Adaptor ASC Have a Distinct Gut Microbiome Population
Mice lacking the pan-inflammasome adaptor protein ASC are highly sensitive to experimental colitis and demonstrate significantly increased inflammation-driven colon tumorigenesis [9-11, 15, 29] . Surprisingly, there are few comprehensive studies evaluating the microbiome composition in the Asc -/-mice under naïve conditions and, of those that have been conducted, there is currently conflicting data regarding the role of ASC in shaping the commensal gut microbiota composition [18, 21] . Here, we sought to evaluate the contribution of ASC and NLR inflammasome signaling on the composition of the gut microbiome in our vivarium, under nonpathological and SPF housing conditions. Mice were necropsied and stool was collected directly from the colons of 9 Asc -/-and 10 wild-type animals, without scraping but by removing each pellet with sterile forceps. Thus, it is likely that mucosal-adherent bacteria were underrepresented in the samples. Through 16S sequencing, we observed significant, genotype-associated changes in microbial ecology between these separately housed knockout animals and wild-type mice (Fig. 1a-e) . Although we did not investigate the difference in observed species between the genotypes, the Shannon's diversity index of the gut microbiome was significantly decreased in Asc -/-mice relative to wild-type mice (Fig. 1a, b) . We next determined the β-diversity to assess the differences in diversity among fecal specimens from the Asc -/-and wild-type mice (Fig. 1b) . Principal coordinate analysis (PCoA) of Bray-Curtis distances illustrated that, although cage and housing was a relevant factor, the main separation of the fecal communities was determined by mouse genotype (Fig. 1c) . Phylum level analysis indicated that the fecal microbial community composition is dominated by Bacteroidetes, Firmicutes, Proteobacteria, and unclassified bacteria ( Fig. 1d ; online suppl. Table S2 ). Despite inter-individual differences, relative abundance was significantly higher for Proteobacteria and lower for unclassified bacteria in Asc -/-mice (Fig. 1e) . Together, these findings show that our Asc -/-colony has a different gut microbiome composition compared to our wild-type colony in the absence of an applied stressor.
We next sought to evaluate the specific taxonomic variations in the gut microbiomes from Asc -/-and wildtype mice. We used LEfSe to classify specific bacteria that were differentially represented in the Asc -/-and wild-type microbiomes [28] (Fig. 2a) . The wild-type mice had a higher abundance of bacteria from Odoribacter, Turicibacter, Bifidobacterium, Pseudomonas, and Anaeroplasma genera, with respective LDA scores (log 10 ) greater than 2 under all-against-all strategy (Fig. 2a, b) . Conversely, Asc -/-mice had a higher abundance of Bacteroides, Parabacteroides, Rikenella, AF12, Helicobacter, Prevotella, Mucispirillum, and Flexispira genera, with respective LDA scores greater than 2 (Fig. 2a, b) . These findings are relatively consistent with those originally reported by Elinav et al. [18] , including the findings of increased Prevotella. This is not surprising, as the experimental conditions for this assessment most closely match those of DOI: 10.1159/000495850
Elinav et al. [18] , rather than assessments of ex-germ-free animals evaluated by Mamantopoulos et al. [21] . Combined, these data suggest that in mice lacking the paninflammasome adaptor protein ASC, there is an outgrowth of bacteria that could be implicated in a dysbiotic microbiome. This interpretation would be consistent with the previously reported increased sensitivity of these mice to models of experimental colitis and colitis-associated cancer [18, 29] .
The NLRP1 Inflammasome Appears to Be Critical for Maintaining a Healthy Colonic Microbial Ecosystem
As with other PRRs, the inflammasome-forming NLRs are highly conserved and evolutionarily designed to sense specific PAMPs associated with bacteria from the same order, family, and/or genus. Thus, we postulated that loss of inflammasome signaling would result in the expansion of very specific bacteria populations in the gut microbiome. In essence, bacteria typically sensed by a specific NLR would be able to more readily expand into permissive niches in the absence of inflammasome signaling that would normally drive the host innate immune system to limit the expansion of commensal or pathogenic elements of the gut microbiota. Our data associated with microbiome changes in the Asc -/-mice support this hypothesis and suggest that NLR inflammasomes may be important in maintaining GI homeostasis via modulation of the composition of the microbiome. It has been postulated that the NLRP3 and NLRP6 inflammasomes regulate immune system homeostasis in the gut, in part through modulating specific bacteria populations in the host microbiome. While the mechanisms associated with the function of these NLRs in modulating the host microbiome is currently an area of intense research, it is reasonable to conclude that these microbiome differences are associated, either directly or indirectly, with the increased pathogenesis of experimental colitis in the Nlrp3 -/-and Nlrp6 -/-mice [11, 15, [18] [19] [20] . As previously stated, similar to NLRP3 and NLRP6, mice lacking NLRP1 also demonstrate significantly increased progression of experimental colitis and colitis-associated cancer [9] . However, virtually nothing is known about the microbiome composition of Nlrp1b -/-animals. Thus, based on the similarity of the phenotypes observed in animals lacking a functional NLRP1 inflammasome with Nlrp3 -/-and Nlrp6 -/-animals, we next sought to evaluate the microbiome composition in the Nlrp1b -/-mice. As described above for the Asc -/-studies, stool was collected directly from the colons of 10 Nlrp1b -/-and 10 wild-type mice, and the V3 region of 16s rRNA was sequenced. Due to the fact that two different cohorts of wild-type mice were used for the Asc -/-and Nlrp1b -/-versus wild-type b LEfSe differential analysis displaying bacterial abundance in Asc -/-mice and wild-type mice reveals that significant differences exist between the microbial populations. The graph was generated using the LEfSe program. Wild-type (green), n = 10; Asc -/-(red), n = 9.
DOI: 10.1159/000495850 comparisons, we compared the two groups (online suppl. Fig. S1 ; online suppl. Table S4 ). Despite variations in PCoA between the four groups, the wild-type group compared with Asc -/-and the wild-type group compared with Nlrp1b -/-clustered together, indicating that genotype contributed to the composition of the microbiome for the two wild-type groups (online suppl. Fig. S1B ). We did not observe a significant difference in alpha diversity between wild-type and Nlrp1b -/-mice (Fig. 3a, b) . However, PCoA of Bray-Curtis distances revealed significant separation of microbial communities based on genotype (Fig. 3c) . Likewise, phylum level analysis indicated that the relative abundance of Proteobacteria was significantly higher in Nlrp1b -/-mice ( Fig. 3d-e ; online suppl. Table S3 ). Together, these data suggest that our Nlrp1b -/-colony has a different gut microbiome composition compared to our wild-type colony.
While NLRP1 was one of the first NLRs identified, it is one of the least characterized. For example, it is still unclear what microbial-associated molecular patterns or signals are recognized by NLRP1, especially in the context of GI health and disease. To date, NLRP1 has only been shown to recognize anthrax lethal toxin (LeTx) and Toxoplasma gondii [30, 31] , neither of which are likely associated with either experimental colitis or cancer pathogenesis in the Nlrp1b -/-mice. Thus, it is unclear what specific microbial families and genera may flourish in the gut microbiome in the absence of NLRP1. To evaluate the microbial ecosystem in greater detail, we utilized LEfSe to identify and classify specific bacteria in the microbiomes from singly housed and separated Nlrp1b -/-and wildtype mice (Fig. 4a, b) . In wild-type mice, a higher abundance of bacteria from the Bacteroides, Oribacterium, Allobaculum, and Barnesiella genera were observed, while in the Nlrp1b -/-mice we observed increased representation from bacteria associated with Helicobacter, Parabacteroides, Clostridium, Odoribacter, Turicibacter, and Mucispirillum genera with respective LDA scores greater than 2 (Fig. 4a, b) . Indeed, many of these bacteria genera were also consistently increased in the Asc -/-mice (Fig. 2) . Interestingly, the abundance of several of the genera in the microbiomes in the Nlrp1b -/-mice are associated with more commensal and pathogenic species known to be associated with inflammation and cancer in the GI tract, including H. pylori [32] , H. hepaticus [33] , M. schaedleri [34] , and C. difficile [35] . It is tempting to speculate that the previously reported increased sensitivity of these knockout animals in models of experimental colitis and colitis-associated tumorigenesis could be due to changes in their microbiome composition [9] . -/-mice and wild-type mice revealed that significant differences exist between the microbial populations. The graph was generated using the LEfSe program. Wild-type (green), n = 10; Nlrp1b -/-(red), n = 10.
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Alterations in the GI Microbiome in NLRP1 Inflammasome-Deficient Mice Results in Significant Shifts in the Metabolic Profile
Changes in the composition of the gut microbiome can have dramatic effects on biochemistry and metabolism in the GI tract. Thus, we next sought to evaluate the functional consequences of the changes in the microbial ecosystems in the Asc -/-and Nlrp1b -/-mice. To assess metabolic changes associated with bacteria metabolism in the gut, we quantified fecal levels of SCFA and MCFA using mass spectrometry (GC/MS; Fig. 5 ). SCFAs are a necessary waste product, required to balance redox equivalent production in the anaerobic environment of the gut [36] . SCFAs are saturated aliphatic organic acids that consist of one to five carbons, of which acetate (C2), propionate (C3), and butyrate (C4) are the most abundant (≥90-95%) in the gut and are associated with carbohydrate fermentation [37] . We found significant differences in SCFA levels in the feces from Nlrp1b -/-and Asc -/-mice compared to the wild-type animals (Fig. 5a, b, g ). Specifically, Nlrp1b -/-mice had significantly increased levels of acetate (5,978.6 mg/L/g feces) compared to the wildtype animals (2,642.9 mg/L/g feces; Fig. 5a ). Similarly, Asc -/-mice had significantly increased levels of propionate (837.4 mg/L/g feces) compared to the wild-type animals (292.4 mg/L/g feces; Fig. 5b ). While not attaining statistical significance, we also observed trending increases in propionate in the Nlrp1b -/-mice and acetate and butyrate in the Asc -/-animals compared to the wild-type mice (Fig. 5a-c) . In addition to these common SCFA, we also evaluated isobutyrate (iC4), valerate (C5), and isovalerate (iC5), which are typically much less abundant (approx. 5-10%) and are associated with protein fermentation. Unlike the SCFAs associated with carbohydrate me- tabolism, we did not observe any significant differences in levels of isobutyrate, valerate, or isovalerate ( Fig. 5d-f) . Finally, we also evaluated the MCFA heptanoate (C7; Fig. 5g ). MCFAs have been identified as the most discriminatory metabolites between healthy controls and patients with IBD [38] . Interestingly, we observed a significant increase in heptanoate in the Asc -/-mice (997.3 mg/L/g feces) compared to the wild-type animals (387.8 mg/L/g feces; Fig. 5g ). While not reaching statistical significance, we also observed a trend towards increased heptanoate in the Nlrp1b -/-mice (826.5 mg/L/g feces) compared to wild-type animals.
To better determine the influence of any specific bacteria within the microbiomes on the SCFA and MCFA abundance, we conducted canonical correspondence analysis between the fatty acids and the top ten most abundant genera from the microbiota profiles of each genotype (Fig. 6) . In Asc -/-mice, Anaerostipes was ordered in relation to isobutyrate (Fig. 6a) . (Fig. 6b) . In the wild-type case, Oscillospira and Anaerotruncus were ordered in relation to butyrate (Fig. 6c) . Together, these data suggest that the changes in the composition of the microbiome in the Nlrp1b -/-and Asc -/-mice are sufficient to alter levels of metabolites that reflect an imbalance in GI homeostasis.
Maternal Influence, Not Genotype, Is the Biggest Factor on Microbiome Composition between Cohoused Wild-Type and Nlrp1b -/-Mice
Some of the earliest data suggesting a role for the microbiome in the sensitivity of Nlrp3 -/-and Nlrp6 -/-mice utilized cohousing studies with wild-type animals [11, 14] . These cohousing studies demonstrated that experimental colitis progression could be significantly attenuated in mice lacking NLRP3 or NLRP6 inflammasomes by cohousing with wild-type animals [11, 14] . Conversely, the wild-type mice demonstrated increased disease progression during cohousing with either Nlrp3 -/-or Nlrp6 -/-mice. Similar to these prior studies, we have also shown that the NLRP1 inflammasome-deficient phenotype is partially transmissible between Nlrp1b -/-mice to wild-type animals, when weaned and cohoused together and evaluated in models of experimental colitis [9] . Wildtype mice cohoused with Nlrp1b -/-animals displayed increased weight loss patterns compared to non-cohoused wild-type mice. However, this increased weight loss did not reach the same level as singly housed Nlrp1b -/-animals [9] . Notably, Nlrp1b -/-mice housed with wild-type animals were not protected from the phenotype during the experimental colitis model, which illustrates that pathogenicity can be transferred, but not protection [9] . To better define this previous observation, we sought to characterize the microbiome in both Nlrp1b -/-and wildtype mice following cohousing (Fig. 7) . We were interested in two different strategies for cohousing knockout mice with wild-type mice, as both have been used to support previous claims in the field. We postulated that the cohoused wild-type mice would develop a microbiome population more consistent with the mice lacking the NLRP1 inflammasome, whereas the microbiome in the cohoused Nlrp1b -/-mice would remain relatively unchanged, and that this would remain consistent regardless of cohousing strategy.
We employed two distinct cohousing strategies. In the first, age-and gender-matched Nlrp1b -/-and wild-type mice were weaned together (1: 1; matched-cohoused) while in the second Nlrp1b -/-and wild-type littermates from the offspring of Nlrp1b +/-mice were weaned together (littermate-cohoused). In both cases, the animals were treated with a standard antibiotic cocktail in their drinking water to ablate the existing bacterial components of their respective microbiomes. After a 2-week course of antibiotic treatment, the animals were transitioned back to normal drinking water. At 12 weeks of age (matched-cohoused) and 7 weeks of age (littermate-cohoused), fecal samples were collected following necropsy. Through 16s sequencing, we found that both matched-cohoused (Fig. 7a) and littermate-cohoused (Fig. 7b) animals clustered together mainly based on cage. When comparing the relative abundance at the genus level, we picked the most abundant genera (more than average 0.5% in all samples) and observed significant increases in bacteria from the Bacteroides and Clostridium genera in matched-cohoused mice (online suppl. Table S5 ), and no reliable significant differences in littermate-cohoused mice (online suppl. Table S6 ).
We originally predicted that genotype would be the main contributor of microbiome composition, and therefore anticipated the Nlrp1b -/-mice and wild-type animals would have significantly different microbiome populations following either cohousing strategy, where the Nlrp1b -/-microbiome would remain stable and the wildtype microbiome would migrate towards the Nlrp1b -/-animal's composition. These observations would be consistent with our prior observations following cohousing in the experimental colitis models, which revealed that the Nlrp1b -/-phenotype was unchanged whereas the wild-type mice became more sensitive to models of experimental colitis [9] . We grouped the microbiomes of matched-cohoused Nlrp1b -/-and wild-type mice and compared against singly housed Nlrp1b -/-and singly housed wild-type mice (Fig. 7c) , and observed what appeared to be separation between the three groups. PCoA analysis between the three groups indicated that the microbiome of matched-cohoused Nlrp1b -/-and wild-type mice are different and unique following cohousing, suggesting that even partial transfer of the Nlrp1b -/-microbiome is sufficient to skew the GI ecosystem of wild-type mice and potentially enhance susceptibility to experimental colitis (Fig. 7e) . However, clustering analysis based on Bray-Curtis distance showed that this separation was dependent on cage rather than genotype (online suppl. Fig. S2) . Interestingly, the littermate-cohoused cohort separated predominantly based on cage (Fig. 7d) and not on genotype. This suggests that a matched knockout and wild-type cohousing strategy is not sufficient to determine genetic influences on the microbiome. Taken together, it is evident that the maternal influence in the Nlrp1b -/-mice, and not genetic makeup, is the biggest indicator of microbiome composition. 
Discussion
Within the NLR field, we are not alone in drawing the conclusion that the microbiome likely plays a role in the phenotype observed in NLR knockout animals. Beyond NLRP1, NLRP3, NLRC4, and NLRP6 have been consistently shown to significantly modulate the progression of experimental colitis and/or colitis-associated tumorigenesis in mouse models [9] [10] [11] [12] [13] [14] . Likewise, the inflammasome adaptor protein ASC and the relevant caspases, caspase-1 and caspase-11, have also been shown to dramatically modulate inflammation in the gut during IBD and cancer [9-11, 15, 16] . In general, the majority of studies evaluating NLR inflammasomes have found that loss of any specific NLR or inflammasome component results in increased GI inflammation, epithelial cell barrier disruption, and inflammation-driven tumorigenesis. It makes logical sense that the next direction in the field is to investigate the microbiome of these animals, especially because cohousing NLR knockout animals with wild-type mice is sufficient to, at least partially, transfer susceptibility to DSS [9] [10] [11] [12] [13] [14] . Notably, there has been significant controversy in the PRR field, including both TLRs and NLRs, associated with conflicting results in models of experimental colitis and/or cancer. Despite the consensus data that demonstrates the loss of any specific inflammasomeforming NLR results in significantly increased susceptibility in DSS-induced experimental colitis models [9-12, 16, 18] , there are also counter observations reported that reveal either no differences in phenotype between the NLR-deficient animals and wild-type mice, or even opposite results that suggest attenuating NLR inflammasomes actually protect against disease pathogenesis [29] . Unlike the other NLRs, NLRP6 seemed to be exempt from conflicting results in colitis studies and, until recently, it has been widely accepted that the main role of this NLR was in regulating the intestinal microbiome composition [21] . However, this paradigm has recently also been questioned with results that conclude that NLRP6 and ASC do not actually play a role in influencing the gut microbiome composition [21, 22] . These studies demonstrated that maternal effects and caging have a stronger influence than genotype when different forms of cohousing were employed [21, 22] . These data led us to further investigate our initial conclusions that the NLRP1 inflammasome functions to regulate the intestinal microbiome, and provided the rationale for our cohousing comparisons. In the present study, we report our initial findings that the microbiome composition of singly housed and homozygous bred Nlrp1b -/-and Asc -/-mice were populated with bacteria that appeared to suggest that the NLRP1 inflammasome regulates microbial ecology, consistent with data on the role of NLRP6 [15, 18, 20] . We investigated and found differences not only in the genera of bacteria of our individually bred and housed knockout animals, but also in the abundance of SCFA and MCFA.
The preliminary motivation for the data generated in the present report was to identify families and genera of bacteria that flourish in the absence of a functional NLRP1 inflammasome in an attempt to define the driving factor of the increased sensitivity to colitis in knockout animals. The NLRP1 inflammasome senses anthrax LeTx and T. gondii in mice and muramyl dipeptide in humans [30, 31] . Consistent with the previous in vitro data, both Nlrp1 -/-mouse strains fail to properly process pro-IL-1β and pro-IL-18 following in vivo exposure with these agents [23] . While these data provide significant mechanistic insight into NLRP1 inflammasome function, recognition of anthrax LeTx and T. gondii do not explain its protective effects during experimental colitis and colitisassociated cancer. The results from our initial microbiome analysis of our separately and individually bred and housed knockout mice identified several bacteria genera that contain species associated with inflammation and cancer in the GI tract, including H. pylori, H. hepaticus, M. schaedleri, and C. difficile, all of which drive colitis and/or tumorigenesis through diverse mechanisms, including: degrading the protective mucus layer in the gut, producing barrier-degrading toxins and metabolites, re- stricting the growth of probiotic bacteria, and directly inducing acute inflammation [32] [33] [34] [35] . This point is particularly compelling in the initial hypothesis that the composition of the microbiome of these animals is the culprit for the sensitivity to colitis in the absence of NLRP1. For example, we found strong relationships between loss of NLRP1 signaling and the increased abundance of Bacilli, Deferribacteres, and Epsilonproteobacteria classes (Fig. 4) . Thus, these data would support future studies evaluating species that are representative of these classes in an effort to identify specific bacteria species associated with NLRP1 inflammasome formation and function in the gut. Moreover, this concept is reinforced by the finding that Bacilli species are overabundant in the absence of NLRP1 inflammasome signaling, which is consistent with the already defined role of NLRP1 sensing B. anthracis (a member of the Bacilli class). Thus, it is tempting to speculate that changes in the host microbiome that are directly associated with loss of NLRP1 inflammasome function may underlie many of these disorders.
However, prior to concluding that the NLRP1 inflammasome regulates colonic homeostasis, we compared our work to that of the evolving story and debate surrounding the role of the NLRP6 inflammasome in the regulation of the gut microbiome. Similar to NLRP1, NLRP6 inflammasome-deficient mice were also found to be more sensitive to intestinal inflammation and tumorigenesis in the chemically induced colitis and colitis-associated tumorigenesis models [12, 18] . While it is clear that altered processing of pro-IL-18 in the colonic epithelial cells contributes to disease pathogenesis in these animals, these studies and subsequent confirmatory data concluded that altered fecal microbiota during colitis also contributed to intestinal hyperplasia, inflammatory cell recruitment, and exacerbation [18] . Pertinently, antibiotic treatment attenuated colitis progression in the Nlrp6 -/-mice and cohousing studies demonstrated that the colitogenic activity of the microbiota is transferable to wild-type animals [18] . The loss of NLRP6 inflammasome signaling was found to lead to significant expansion of the bacterial phyla Bacteroidetes (Prevotellaceae) and reductions in members of the Lactobacillus genus and in the Firmicutes phylum [18] . More detailed mechanistic studies reported that the expansion of Prevotellaceae was facilitated by attenuated goblet cell mucin production in the Nlrp6 -/-animals, which established a permissive niche in the GI tract [15] . Our initial data most closely resembles that of Elinav et al. [18] in terms of the homozygous bred and singly housed Asc -/-, and even some of the changes observed in the Nlrp1b -/-mice. This is expected as our matched cohoused experimental design most closely reflected those utilized by these studies and the data show that separately bred and housed mice lacking NLR inflammasome components have significantly different microbiome compositions under naïve conditions. ASC is a critical adaptor protein for inflammasome formation by functioning as a bridge between NLRs containing PYD domains and caspase-1, as well as enhancing the activity of NLRs containing CARD domains. Due to its role as a pan-inflammasome adaptor protein, the role of ASC in IBD and colitis-associated cancer has been well studied. In models based on chemically induced colitis, loss of ASC results in a highly severe phenotype compared to other individual NLR-deficient genotypes [reviewed in 8] . The consensus data agree that mice lacking functional ASC fail to generate mature IL-1β and IL-18 in the colon during models of experimental colitis, which results in immune system and epithelial barrier defects [11] . The combination of these defects was suggested to result in enhanced permeability and bacteria translocation in the Asc -/-mice [9] .
However, subsequent studies utilizing littermate-controlled Nlrp6 -/-mice and ex-germ-free littermate-controlled Asc -/-mice revealed that regulation of the gut microbiota was independent of genotype [21] . Here, the authors clearly show that housing and maternal effects contribute to the commensal gut microbiota composition, rather than components of the NLRP6 inflammasome [21] . Indeed, these findings are consistent with our results associated with Nlrp1b -/-mice, using a similar experimental design. Thus, similar to NLRP6, the absence of the NLRP1 inflammasome does not appear to significantly influence the microbiome of cohoused homozygous littermates bred from heterozygous parents. The most deterministic factor on the microbial composition in our animals are maternal and housing factors, and not genetic. Because our previous studies evaluating NLRP1 in experimental colitis and colitis-associated cancer utilized littermate control animals, we can thus conclude that microbiome differences are likely not a significant component of the phenotypes observed in the Nlrp1b -/-mice in these models [9] .
The microbiome is consistently cited as a potential factor influencing disease progression in not only IBD and colitis-associated cancer, but the gamut of seemingly non-GI-related diseases, from Alzheimer's disease to cardiovascular and metabolic disorders [39, 40] . Indeed, in the vast majority of studies that produce data that differ from the consensus in any given field, changes in the host microbiome is routinely cited as a possible explanation, DOI: 10.1159/000495850 but is rarely evaluated. Based on the data presented here, it is certainly possible that differences in the microbiome underlie many of the conflicting results in the NLR field, albeit not in the way typically portrayed. Taken together with other reports on NLRP6, our data suggest that the NLR inflammasomes likely play less of a role in directly regulating the host microbiome then initially proposed. The consensus data that are building, which is supported by our findings here, indicate that housing and maternal contributions are stronger variables than genotype in driving microbiome differences. Our data clearly suggest that future studies evaluating NLRs in the context of GI inflammation and microbiome interactions should always utilize littermate control animals, and proper housing should be a major consideration in experimental design and data analysis.
